IntroductIon
The impact of bull fertility on the prolificacy of commercial cattle herds has been emphasized by various investigators. Within this context, traditional andrological examination, including the measurement of scrotal circumference adjusted for age, is of great value to identify bulls that are grossly abnormal in the reproductive aspects (Kastelic and Thundathil, 2008) . Spermiograms and physical semen analysis, as well as evaluation of genital organs and general clinical aspects, are part of the andrological exam used for the determination of the breeding soundness of bulls (Kealey et al., 2006; Alexander, 2008; Waldner et al., 2010) . Knowledge about the quantitative and qualitative profile of semen production of genetically superior bulls is important to increase overall herd fertility (Rege et al., 2000; Swanepoel et al., 2008) .
Semen traits are affected by a variety of factors, including age of the animal (Chacón et al., 2002; FuerstWaltl et al., 2006; Waldner et al., 2010) , seasonality (Nichi et al., 2006; Koivisto et al., 2009; Waldner et al., 2010; Teixeira et al., 2011) , nutrient content of the diet (Chacón et al., 2002; Barth et al., 2008) , and body condition (Chacón et al., 2002; Barth and Waldner, 2003; Barth et al., 2008; Waldner et al., 2010) . In addition, genetic factors such as breed composition (Barth and Waldner, 2003; Nichi et al., 2006; Koivisto et al., 2009; Silva et al., 2011) and inbreeding in the herd (Godfrey and Dodson, 2005; Karoui et al., 2011) may also affect semen traits. However, studies estimating genetic parameters for semen traits, especially in bulls of Zebu breeds (Bos indicus) ABStrAct: A total of 51,161 records of scrotal circumference measurements at 18 mo of age (SC18) and 17,648 records of sperm defects and breeding soundness of Nellore bulls (mean age of 22.5 mo), raised under extensive conditions, were analyzed to estimate coefficients of heritability and genetic correlations of morphological semen traits by Bayesian inference. The observed semen traits were classified as minor (MID), major (MAD), and total sperm defects (TD). The animals were classified according to breeding soundness as satisfactory and unsatisfactory potential breeders. The (co)variance components and breeding values were estimated by Gibbs sampling using the GIBBS2F90 program under an animal model that included contemporary group as fixed effect, age of animal as linear covariate, and direct additive genetic effects as random effects. Heritabilities of 0.40 ± 0.02, 0.16 ± 0.02, 0.04 ± 0.01, 0.15 ± 0.01, and 0.10 ± 0.01 were obtained for SC18, MID, MAD, TD, and breeding soundness, respectively. The SC18 showed a positive and moderate correlation with breeding soundness (0.56 ± 0.04) and a negative and low correlation with MID (-0.23 ± 0.03), MAD (-0.16 ± 0.02), and TD (-0.24 ± 0.02).
In conclusion, scrotal circumference showed the best response to selection among the traits studied and was favorably correlated with breeding soundness and sperm morphology in young Nellore bulls.
the development of selection strategies, the objective of the present study was to evaluate the potential use of morphological semen traits [minor (MId), major (MAd), and total sperm defects (td)], breeding soundness, and scrotal circumference at 18 mo of age (Sc18) as selection criteria in young Nellore bulls.
MAtErIALS And MEtHodS
Animal Care and Use Committee approval was not obtained for this study because the data were from an existing database.
Data Set
The data set analyzed was obtained from Agro Pecuária CFM Ltda. located in the states of São Paulo and Mato Grosso do Sul, Brazil. It consisted of records of SC18, sperm morphology, and breeding soundness of Nellore (Bos indicus) bulls born between 1997 and 2004 from a total of 808 sires and 30,314 cows. The mean age of the animals was 22.5 mo.
The initial data set for the andrological traits contained 35,904 records. Only records referring to the first andrological evaluation, to which each individual was submitted, irrespective of the stage of sexual maturation, were included in the analysis. Andrological examination and breeding soundness were taken only for the 20% top bulls that were chosen on the basis of an index that included weaning weight, postweaning gain, scrotal circumference, and muscle score. Another file contained performance data obtained at yearling, including records of scrotal circumference at 550 d.
Records of bulls with unknown parents or bulls belonging to contemporary groups (cG) with fewer than 5 animals with valid measurements were eliminated. Also, CG in which the animals were the offspring of only 1 sire and the information was outside the acceptable range, i.e., 3 SD above or below the mean of the trait, were also removed. After the editing, the pedigree file contained 101,687 animals, and the data set presented 17,648 records of sperm morphology and breeding soundness, including MAD, MID, and TD, and 51,161 records of SC18 were analyzed. Furthermore, 141 CG for testicular traits and 1,528 groups for SC18 were formed.
The contemporary groups were formed by animals born in the same herd, year, and season and that belonged to the same management group at weaning and yearling. The model included CG as fixed effect for SC18 and andrological traits and also the animal's age at the time of recording as a linear covariate. In addition to the estimation of genetic parameters, SC18 was used as an anchor trait since it had been measured in all males at yearling, thus reducing the selection effect on andrological and breeding soundness traits.
Cattle Management
All bulls were raised on pastures with an adequate qualitative and quantitative offer of forage grasses (consisting of approximately 40% Brachiaria brizantha, 50% Panicum maximum, and 10% other grasses) and received a mineral supplement and water ad libitum throughout the study period. The calves were mainly born during spring and summer (August 1 through December 31) and remained with their respective mothers until about 210 d of age. Moreover, all young bulls selected (a proportion of about 20% of genetically superior bulls of each harvest) were submitted to complete andrological evaluation at a mean age of 22.5 mo.
Evaluation of Breeding Soundness
For andrological evaluation, testicular length and width were measured with a caliper. Scrotal circumference was measured with a tape at the widest point of the scrotum after slightly pushing the gonads in the ventrocaudal direction.
Semen samples were obtained by electroejaculation. The following physical characteristics of the ejaculate were evaluated immediately after collection under a light microscope at 200× to 400× magnification: mass movement of spermatozoa (turbulence) on a scale from 1 to 5, rectilinear sperm motility (0% to 100%), and sperm vigor [0 to 5; Colégio Brasileiro de Reprodução Animal (cBrA), 1998]. For the analysis of sperm morphology, a semen sample was stored in 1 mL of saline-buffered formalin (Hancock, 1956 ) and examined according to the method of Blom (1973 Blom ( , 1983 . Head, tail, and acrosomal defects were recorded and classified as MAD, MID, and TD. A total of 400 spermatozoa per ejaculate were analyzed under a phase-contrast microscope at 1000× magnification. Moreover, on the basis of the physical and morphological semen features, the bulls were classified into 2 categories of breeding soundness (satisfactory and unsatisfactory potential breeders) according to the guidelines of the Brazilian College of Animal Reproduction (CBRA, 1998).
Data Analysis
Bayesian methodology was used for the estimation of genetic parameters. Multitrait analyses were performed with the Gibbs sampler algorithm on the basis of the linear mixed model to estimate the (co)variance components and genetic parameters for the traits studied. The matrix form of the linear model is
where y is the vector of observations (SC18, MAD, MID, TD), β is the vector of fixed effects (CG and age of the animal as covariate), a is a vector of additive breeding values corresponding to animals with measured data, e is the vector of residual effects, X is an incidence matrix of order n × p, relating each observation (n) to each CG (p), and Z is an incidence matrix of order n × q, relating each observation (n) to the animal that produced the observation (q).
It is assumed that where α is the ratio between σ 2 e and σ 2 a i.e., σ 2 e /σ 2 a = (1-h 2 )/h 2 , with h 2 corresponding to the heritability of the trait.
Since breeding soundness is a categorical variable, the following threshold model was used, which included the same effects as the linear model:
where U is the vector of the underlying scale of order r, θ´ = (b´, a´) is the vector of location parameters of order s × b (defined from a frequentist viewpoint as fixed effects) and a (as a random effect), W is a matrix of known incidence of order r × p, I is an identity matrix of order r × r, and σ 2 e is the residual variance. According to the Bayesian approach, it was assumed that the priors for genetic and residual effects follow normal multivariate distributions:
where A is the relationship matrix and σ 2 a is the additive genetic variance.
A multitrait joint analysis was performed to estimate the (co)variance components using a Markov chain Monte Carlo approach with THRGIBBS1F90 (Misztal et al., 2002) . The mentioned software implements estimation of (co)variance components and genetic parameters in threshold mixed models and allows for any combination of categorical and continuous traits. Flat prior distributions were adopted for the fixed effects β, as well as for the variance and covariance parameters.
Post-Gibbs analyses were performed using the POST-GIBBSF90 program (Misztal et al., 2002) .
In the present study, Gibbs chains of 300,000 iterations were generated, with a burn-in period of 30,000 iterations and a sampling interval of 30 iterations. The GIBBS2F90 program (Misztal et al., 2002 ) was used under an animal model, which included CG as a fixed effect, age of the animal at recording of SC18 and andrological evaluation as linear covariates, and direct additive genetic effects and residual errors as random effects. The genetic parameters were estimated on the basis of the overall mean generated over 9,000 cycles after the burn-in period.
rESuLtS
The results of descriptive statistics of the traits studied are shown in Table 1 . Mean SC18 measured in 51,161 males was 26.8 cm (range: 17 to 44 cm). Sperm defects were evaluated in 17,648 animals, with means of 4.8, 14.4, and 19.2 for MID, MAD, and TD, respectively (range: 0 to 65.0, 0 to 95.5, and 0 to 99.0).
The categorical variable breeding soundness was also evaluated in 17,648 animals. Mean breeding soundness was 1.87 ± 0.33 (median: 2.0). The mean age of the animals at yearling and at the time of andrological evaluation was 18 and 22 mo, respectively. Sperm defects generally presented high coefficients of variation, indicating wide dispersion of the data within the sample.
The estimates of variance components, heritability, and SE are shown in Table 2 . The heritability coefficients for SC18 were of moderate to high magnitude. In contrast, the heritability coefficients for sperm defects (MID, MAD, and TD) were of low magnitude. Breeding soundness also showed low heritability. The estimates of genetic correlations between the studied traits are shown in Table 3 . The genetic correlations between SC18 and sperm defects were negative and of low to moderate magnitude. SC18 showed a positive and high correlation with breeding soundness. Sperm defects were moderately to highly correlated with one another and showed negative and moderate to high genetic correlations with breeding soundness.
dIScuSSIon
Comparison of the heritability estimates for sperm defects with other studies, especially those involving Bos taurus animals, showed variable results. Smith et al. (1989) also reported low heritability for total number of normal spermatozoa and secondary sperm defects (0.07 and 0.02, respectively), which is similar to the data obtained in the present study. However, those authors estimated moderate to high heritabilities for primary sperm defects (0.31). Other studies also found moder-ate to high heritabilities for primary, secondary, and total sperm defects, with estimates ranging from 0.27 to 0.30, 0.23 to 0.33, and 0.25 to 0.30, respectively (Kealey et al., 2006; Druet et al., 2009; Silva et al., 2011) . Taken together, these estimates indicate that direct selection for these semen traits should result in a rapid response. In contrast, the low heritabilities obtained in the present study suggest that the adoption of sperm defects as a selection criterion for Zebu bulls will result in a slow response across selected generations.
Furthermore, the response to direct selection for breeding soundness should also be slow because of the low heritability of this trait. The breeding soundness has been evaluated in some studies for Bos taurus (Smith et al., 1989) , and the results obtained were similar to those reported for Nellore bulls (Dias et al., 2008; Silva et al., 2011) and indicate a small influence of the genetic component on the phenotypic variation of this trait.
Among the andrological traits studied, SC18 should permit rapid genetic gain since this trait should respond to direct selection as indicated by the high heritability.
The magnitude of heritability observed for this trait is in accordance with other studies involving Bos taurus (Bourdon and Brinks, 1986; Kealey et al., 2006; Garmyn et al., 2010; McAllister et al., 2011) and Bos indicus animals (Eler et al., 2006; Boligon et al., 2010; Garmyn et al., 2010; Van Melis et al., 2010; Yokoo et al., 2010) . Besides the facility of measurement, the high heritability is one of the main reasons to include SC18 as a selection criterion in beef cattle breeding programs, in addition to the genetic correlation with other desired traits. It is therefore expected that selection for SC18 promotes rapid genetic gain, whereas the response to individual selection for morphological semen traits (MID, MAD, and TD) and breeding soundness would be slower.
The genetic associations between SC18 and sperm defects (MID, MAD, and TD) were negative (i.e., favorable) but low. Low genetic correlations between scrotal circumference and semen traits have also been reported in other studies, with estimates ranging from -0.19 to -0.36, -0.11 to -0.45, and -0.12 to -0.23 for genetic correlations between scrotal circumference and primary, secondary, and total sperm defects, respectively (Knights et al., 1984; Kealey et al., 2006; Garmyn et al., 2010) . These findings agree with the present study, indicating that the long-term increase of scrotal circumference promoted by direct selection will result in a reduction in the percentage of sperm defects and consequent improvement of semen quality in young bulls as correlated responses. Breeding soundness was favorably correlated with both SC18 and sperm defects, with the observation of a positive genetic correlation with SC18 and negative correlations with MID, MAD, and TD. Dias et al. (2008) also found a positive (0.64), hence favorable, genetic correlation between scrotal circumference and breeding soundness evaluation. Selection for SC18 raises the pos- sibility of indirect genetic gain by reducing the percentage of abnormal sperm and by increasing the number of satisfactory potential breeders. However, because of its low heritability, breeding soundness will not be a selection criterion that promotes rapid genetic progress in the andrological traits studied. In contrast to morphological semen traits and breeding soundness, selection for testicular traits should result in rapid genetic gain. In this respect, SC18 has advantages since this trait is favorably correlated with the other andrological traits studied and is easily measured and the operating costs are low. In addition, this trait applies to all males in numerous herds and has been associated with the genetic improvement of male and female fertility in scientific and technical studies.
The highest heritability was observed for SC18, and this trait was favorably correlated with MID, MAD, TD, and breeding soundness. Thus, SC18 could be used as a selection criterion in young bulls to improve semen quality and breeding soundness. These findings agree with other studies in the field of andrology, which reported phenotypic associations between larger scrotal circumference and higher sperm production (Thompson and Johnson, 1995 ) and semen quality (Gipson et al., 1985; Palasz et al., 1994; Siddiqui et al., 2008; Silveira et al., 2010) , as well as high and favorable genetic correlations with testicular volume and shape (Silva et al., 2011) . Therefore, selection for SC18 might be a practical strategy to increase the proportion of young bulls with satisfactory semen quality and breeding soundness. In view of the clinical importance and economic impact of male fertility, especially in commercial herds employing natural service, semen traits and breeding soundness evaluation of bulls can be used as selection criteria if the economic values of the traits are included in genetic analyses. This should be the objective of further quantitative genetic studies.
In conclusion, the scrotal circumference measurements at 18 mo were found to be the most useful selection trait for estimating the potential breeding ability of young Nellore bulls as opposed to sperm morphological traits or breeding soundness examinations. The adoption of scrotal circumference as a selection criterion should not affect the incidence of sperm pathologies and should increase the number of satisfactory potential breeders in Zebu herds raised under extensive conditions.
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